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ABSTRACT 
 
There are many variables to consider in the design of an 
electric motor.  However, meeting the performance 
requirements for an electric vehicle drive may cause a 
designer to loose focus on its typical operation and 
hence fail to optimise the motor in the region where it 
processes the most power.  This paper investigates 
operating requirements of electric vehicle motor drives 
using the University of Queensland UltraCommuter 
concept vehicle as an example. The paper outlines a 
methodology for determining and illustrating the 
primary operating region of a vehicle drive.  The 
methodology is applied to standard driving cycles that 
are commonly used in the design and testing of vehicles. 
1. INTRODUCTION 
Global warming due to greenhouse gas emissions, rising 
oil prices and the level of urban air pollution are driving 
a revolution in automotive propulsion technologies.  In 
recent years a number of hybrid electric vehicles have 
been released by major automotive companies.  The 
Toyota Prius, Honda Civic and Lexus RX400H are some 
of the hybrids available within Australia.  These hybrid 
vehicles can provide a tangible reduction in emissions 
and fuel consumption, but they are only an intermediate 
solution to sustainable personal transportation. 
The future evolution of vehicle powertrain technologies 
beyond the current breed of hybrids is unclear.  There 
are a number of emerging technologies such as plug-in 
hybrids, fuel cell vehicles and pure battery-electric 
vehicles.  However, irrespective of which of these 
technologies dominates, it is clear that electric 
drivetrains will be a key enabling technology.   
There are currently three electric motor technologies that 
are being seriously considered by the automotive 
industry for traction drives.  These are the Induction 
Motor (IM), Permanent Magnet brushless motors in both 
surface and interior configurations (SPM and IPM) and 
Variable Reluctance Machines (VRM).   At this stage 
there is no expert consensus as to which technology will 
ultimately dominate in the future [1][2]. All of the above 
listed electric motor technologies are discussed and 
compared by Miller [3], who notes that each is exhibited 
by at least one commercial automotive manufacturer.  
Ahmad M. Nasser [4] from Ecostar suggests “because 
each electric vehicle has its own requirements there is no 
clear winner when it comes to the traction motor 
technology.  It is recommended that the engineers access 
the needs of their specific program, and select the 
traction motor technology that best meets the targets of 
their electric vehicle.”    
In assessing different motor candidates and performing 
the associated motor design and optimisation, motor 
efficiency is one important parameter.  However, peak 
efficiency calculated at a single operational point is a 
misleading measure.   A far more relevant measure of 
efficiency is based on aggregate electrical energy input 
vs. mechanical energy output over a drive-cycle.   
This paper examines the torque and power flows through 
a passenger vehicle traction motor over three standard 
driving cycles.  The energy throughput data shows that, 
although a traction drive for passenger vehicle 
application must have high peak torque and power 
ratings, most energy flow occurs at low torque and 
moderate power levels.  This is the region where the 
traction motor efficiency should be optimised.   
In the next section, the typical operating regimes of 
industrial motors vs. passenger vehicle traction motors 
are discussed.  Driving cycle analysis is used to identify 
the region of highest energy throughput in passenger 
vehicle traction motors.  Finally, the paper presents a 
custom motor design – the UltraCommuter wheel motor 
– to demonstrate how a traction motor can be optimised 
for typical operating requirements while satisfying 
performance goals for rated speed, torque and power. 
2. VEHICLE TRACTION MOTOR TORQUE-
SPEED REQUIREMENTS 
2.1. OPERATING REGIMES OF INDUSTRIAL MOTORS 
The primary operating region of a motor is the region on 
the torque vs. speed efficiency map where the highest 
energy throughput occurs.  This region is where the 
greatest amount of energy is consumed to drive the 
motor’s load and hence is the region that determines the 
motor’s overall operating efficiency. 
In fixed torque and speed applications, as long as the 
start up and shut down operation do not dominate, the 
designer can assume that the entire energy throughput 
occurs at a single point.  The evaluation of motor 
efficiency and optimisation of motor system design in 
this situation is relatively simple.   
A more complex mode of operation is where a motor 
operates over a fixed torque speed profile.  This may be 
due to constant speed with varying torque, or variable 
speed operation with a known torque at any given speed 
(such as a fan).  This operating mode requires the 
designer to consider a curve on an efficiency map.  The 
designer can then determine the percentage of time spent 
at each point along the curve, and the energy throughput 
at each point along the curve.  With this information the 
designer can steer the motor’s efficiency towards the 
region where the most energy is going to be consumed 
and hence produce the most efficient drive in operation. 
2.2. VEHICLE TORQUE VS. SPEED – THE ROAD 
LOAD EQUATION  
The most complex mode of operation to optimise for is 
in applications such as traction motors where torque and 
speed are independent.  In this case the entire surface of 
an efficiency map must be taken into consideration.  At 
first inspection it can appear that the torque-speed 
operation of a traction motor will be completely random 
and as such only a few requirements are normally taken 
into account.  These design requirements would typically 
be Peak Torque, Continuous Torque, Peak Power, 
Continuous Power, Maximum Speed, and Over-Speed 
Ratio.  It is very common to then see a single efficiency 
figure quoted for the drive motor which is almost 
meaningless. A good design is the one that can meet all 
of the design requirements and still maintain a focus on 
the overall efficiency of the motor in typical operating 
conditions.   
In a vehicle traction application, torque (and thus power) 
is a function of velocity, acceleration, and road grade.  
This function is called the road load equation:  
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where 
T = torque, P = power 
v = velocity, a = acceleration 
α = grade angle (100sinα  = % grade) 
r = wheel radius 
m = mass 
g = acceleration due to gravity 
CRR = coefficient of rolling resistance ρ = density of air 
CD = coefficient of aerodynamic drag 
A = Frontal area of vehicle.  
The torque and thus power required to climb steady 
grades is generally calculated separately from other 
operational characteristics.  This usually sets the 
continuous vehicle drivetrain torque and power ratings.   
Otherwise, the gradient term is generally set to zero, 
assuming travel on level ground.   
The remaining parameters in equation (1) are constants 
determined by the vehicle platform.  For this study, the 
vehicle chosen is The University of Queensland’s 
UltraCommuter concept vehicle.   
2.3. HYPERCARS AND THE ULTRACOMMUTER 
A Hypercar™ is a vehicle concept proposed by the 
Rocky Mountain Institute to dramatically increase 
vehicle efficiency without significantly increasing the 
vehicle’s cost [5].  The concept proposes a large 
reduction in both vehicle mass and aerodynamic drag.  
The resulting decrease in power required to drive the 
vehicle will result in a smaller, lighter drive train, which 
then further reduces the mass of the vehicle.  This 
concept of mass decompounding and ultra low drag 
combined with low power accessories and highly 
efficient hybrid electric drive train is shown to result in a 
family vehicle with an equivalent fuel consumption of 
between 2-3 L/100km [6].  The University of 
Queensland has undertaken the design and development 
of a two-seat sport-commuter vehicle (Figure 1) that 
utilises the Hypercar concept and has named this vehicle 
the UltraCommuter [7]. 
 
Figure 1: The UltraCommuter 
Physical parameters for the UltraCommuter are 
presented in Table 1 and can be substituted into the road 
load equation (1).  Following substitution, equation (2) 
demonstrates that torque is most strongly dependant on 
vehicle acceleration, with a weak dependence on speed.   
2064.055.1207 vaT ++=     (2) 
In more-conventional (larger and heavier) passenger 
vehicles, the proportions of mass and drag remain quite 
similar and the strong dependence of torque on 
acceleration remains unchanged.   
Physical parameters for the UltraCommuter platform 
Mass (vehicle +130kg occupants / cargo) (m) 680kg 
Drag area (CDA) 0.35m2 
Rolling resistance coeff. (CRR) 0.0075 
Wheel radius 305mm 
 Table 1: Parameters of the UltraCommuter 
2.4. VEHICLE ANALYSIS USING DRIVING-CYCLES 
In the study of automobiles, researchers and industry 
have developed a number of standard driving cycles.  
These driving cycles are data sets of vehicle velocity vs. 
time that are intended to represent typical operation of a 
passenger vehicle [8],[9].  There are driving cycles for 
start-stop city driving, highway cruising as well as 
combined city/highway conditions.  Cycles also vary in 
their level of aggressiveness.  These standard driving 
cycles are commonly used to measure vehicle fuel 
economy and emissions, but they are also a valuable 
design evaluation tool for the development of 
automotive powertrains. 
A variety of standard driving-cycles have been used in 
the development of the UltraCommuter, however, only a 
sample is presented here (Figure 2).  The Californian Air 
Resources Board Number 2 (ARB02) cycle is a mixed 
cycle with both city and highway driving represented, 
with relatively aggressive acceleration levels typical of 
real world driving.  The Urban Dynamometer Driving 
Schedule (UDDS) is a city cycle with continuous stop 
start operation and only a brief period of operation above 
60km/hr.  The Highway Fuel Economy Test (HWFET) 
is a representative highway cycle as its name suggests.  
Together these three cycles provide an example of the 
diverse driving conditions experienced by vehicles 
around the world. 
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Figure 2: Three driving cycles used in this study, 
top to bottom: Air Resource Board No. 2 (ARB02), 
Urban Dynamometer Driving Schedule (UDDS) 
and Highway Fuel Economy Test (HWFET).  
2.4.1. DRIVING CYCLE SIMULATION 
These are a number of software tools that can simulate 
vehicle efficiency over a driving cycle.  For example, the 
Advanced Vehicle Simulator (ADVISOR) was 
developed by the National Renewable Energy 
Laboratory (NREL) [10].  This program runs in 
MATLAB and allows the user to input drivetrain 
efficiency maps from testing and then calculate the 
overall vehicle and drivetrain efficiency for a specified 
driving cycle.  This software is a valuable tool but, since 
it focuses at the vehicle level, is limited in its ability to 
characterise drivetrain losses and identify how the drive 
might be further optimised.  
An alternative tool, PAMVEC, was developed by one of 
the authors [11],[12] to “complement the capabilities of 
dynamic vehicle simulators [such as ADVISOR] and be 
better-suited to the purposes of vehicle technology 
assessment.”[13]  PAMVEC allows the rapid trialling of 
alternative technologies or vehicle configurations, as 
well as sensitivity analyses, but also does not provide 
sufficient detail to characterise drivetrain operation and 
assist design optimisation.    
Since neither tool offers sufficient visualisation of 
drivetrain energy flows vs. torque and speed, the authors 
developed a custom Matlab script to perform more-
intensive analysis of drivetrain operation.  This paper 
presents a series of graphical results from this tool.   
2.4.2. DRIVECYCLE DERIVED TORQUE & POWER  
Using the road load equation (1), a driving cycle is 
translated into vehicle torque and power requirements 
vs. time for a particular vehicle.  The motor speed, 
torque and power requirements of the UltraCommuter 
for the ARB02 driving cycle are shown in figure 3.  It is 
evident that the peak torques and power flows are 
associated with acceleration events.  There is also a 
significant flow of continuous power during highway 
cruising.   
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Figure 3: ARB02 driving cycle derived motor 
speed, torque and power for the UltraCommuter.  
2.5. ENERGY THROUGHPUT AND EFFFICIENCY 
Studying the motor operating regions with the highest 
energy throughput allows the drivetrain to be tuned for 
greatest overall efficiency.  By integrating the energy 
processed by the drive motor over 40Nm torque 
increments, energy throughput vs. torque histograms 
(Figure 4) can be produced.  
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Figure 4: Energy Throughput vs. Torque 
Histograms for the ARB02, UDDS and HWFET 
driving cycles (from top to bottom).  
These energy throughput histograms show that the bulk 
of the energy throughput occurs at torques between 0-
100Nm.  To put this in perspective, the continuous 
torque specification for the UltraCommuter is 200Nm 
(100Nm per wheel motor) resulting from a continuous 
gradeability of 6.5% at 100kph.  The peak torque 
specification of 1000Nm (500Nm per motor) allows 
0.5G acceleration until the power is limited by the 
batteries or motor controllers.   Although high torque 
capabilities are necessary for these performance 
requirements, the histograms clearly show that highest 
efficiency at lower torques is preferred for optimum 
vehicle efficiency.   These histograms are helpful in 
motor design, but it is even more beneficial to produce 
images that can be directly overlayed on the torque-
speed efficiency map of a motor drive to highlight the 
region that should be targeted for highest efficiency. 
2.5.1. VELOCITY/ACCELERATION SCATTERPLOTS 
Plotting vehicle acceleration vs. velocity in scatter-plots 
(Figure 5) highlights two important aspects of driving 
cycles.  Firstly, high accelerations occur at low speeds 
but cannot be sustained as speed rises due to power 
limitations.  Secondly, high acceleration events are 
relatively short in duration and the “centre of mass” of 
operating points is actually at zero acceleration (vehicle 
cruising).  Note that the limited accelerations (0.15g) 
exhibited in the UDDS and HWFET cycles were 
artificially produced by the traction limits of chassis 
dynamometers of the time.  More recent cycles such as 
ARB02 feature higher accelerations and are more 
representative of real-world driving behaviour [9].    
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Figure 5: Acceleration/Velocity Scatterplots for the 
ARB02, UDDS and HWFET driving cycles (from 
top to bottom).   
The torque speed scatter-plots (Figure 6) are very similar 
in shape to the velocity/acceleration scatter-plots, which 
is not unexpected since torque is strongly dependant on 
acceleration.  At high speeds, the quadratic aerodynamic 
drag component can be seen to “lift the tail” away from 
zero torque.  These plots and the acceleration / velocity 
plots give an easily generated qualitative indicator of 
where most time is spent in operation.  
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Figure 6: Torque/Speed Scatterplots for the 
ARB02, UDDS and HWFET driving cycles (from 
top to bottom).   
2.5.2.  THE ENERGY THROUGHPUT MAP 
The Energy Throughput Map (Figure 7) was generated 
as a quantitative extension of the qualitative scatter-plot 
shown in the previous section.  For each time step in the 
driving cycle, the power flow in the motor is calculated 
using the road load equation.  The overall torque-speed 
map of the motor is subdivided into appropriate torque-
speed sub-regions (“bins”) and the transient power 
requirements within each bin are integrated over time to 
calculate energy throughput vs. torque and speed.   
Relatively small bin sizes of 20Nm by 30rpm are used 
for the generation of energy throughput contours.  The 
contours and their legend are in absolute units of Watt-
hours (Wh) per bin.   Larger bins of 200Nm by 100rpm 
are used for the display of total energy throughput 
percentage (shown as a number).  Percentages are 
rounded to the nearest whole percent, and where less 
than 0.5% of the energy throughput occurs in a cell, no 
number is shown.  As an example, 16 percent of all 
energy throughput in the ARB02 cycle flows through the 
motor in the operating region between 800-900rpm and 
0-200Nm.  In contrast, only one to two percent of total 
energy throughput occurs at absolute torque levels 
exceeding 600Nm.    
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Figure 7: Energy Throughtput Map for the ARB02, 
UDDS and HWFET driving cycles (from top to 
bottom). 
The Energy Throughput Maps clearly show that for 
highest operational efficiency the drive motors in the 
UltraCommuter are required to have highest efficiency at 
low torques over a range of moderate to high speeds.  
For the motor design, this requirement translates to a 
motor with low no-load losses (i.e. low spinning losses).   
3. THE ULTRACOMMUTER WHEEL MOTORS 
Extremely low energy consumption is a primary goal of 
the UltraCommuter project, hence a highly efficient 
drive solution is essential.  The topology of a direct drive 
wheel motor in each of the rear wheels of the vehicle 
was chosen to eliminate parasitic drive-train losses.  The 
demands on a direct drive wheel motor are high torque 
capability at low speeds, low mass and a wide speed 
range.  Optimal efficiency was of course also a goal.   
3.1. IRONLESS MOTORS 
Rare Earth Permanent Magnet Motors are regarded as 
the most appropriate choice of motors for direct wheel 
drive motors (weight and size).  A permanent magnet 
motor topology that has almost zero no-load losses is the 
Permanent Magnet Ironless motor.  Ironless machines 
have previously been shown to be effective in high 
speed, high frequency applications [14].  They are 
generally regarded as non-optimal for low speed 
applications as iron cores allow for better magnet 
utilisation and do not significantly increase the weight of 
a machine.  However, ironless machines can also be seen 
to be effective in applications where the average torque 
requirement is much lower than the peak torque 
requirement such as in some vehicle drive applications 
[15],[16].   
3.2. VALIDATION USING ENERGY THROUGHPUT 
PLOTS 
A full description of the design of the UltraCommuter 
wheel motor has been previously published [16].  The 
key specifications and results of efficiency modelling 
using ADVISOR is presented again in Table. 2.  
There are only two significant sources of losses in the 
UltraCommuter wheel motor – conduction or copper 
losses (proportional to the square of torque) and eddy 
current losses in the copper stator windings (proportional 
to the square of operating frequency).  The two 
dimensional efficiency plot of the wheel motor vs. 
torque and speed is calculated based on these losses 
(Figure 8).  The plot is not symmetrical about the torque 
axis since power flow reversal changes the mechanical 
power from output power to input power.    
When the energy throughput curves are overlayed on the 
motor efficiency plot (Figure 9), most energy flows 
above the 96% efficiency contour for all three driving 
cycles.  The low spinning losses in ironless machines are 
shown to result in very high energy throughput 
efficiency in a wide range of vehicle driving cycles as 
seen in Table 2.   
Number of Phases 3 
Number of Poles 24 poles x 
2 stators 
Motor Case Outside Diameter 391mm 
Active mass 18.3 kg 
ARB02  throughput cycle efficiency 94.1% 
UDDS throughput cycle efficiency 92.6% 
HWFET throughput cycle efficiency 97.3% 
Table 2: UltraCommuter Motor Specifications 
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Fig. 8. Output efficiency and power curves of a 
single UltraCommuter wheel motor.  Two rear 
wheel hub motors will drive the UltraCommuter. 
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
-800
-600
-400
-200
0
200
400
600
800
  
  
  
  
  
  
  
  
  
 1
 1
  
  
  
 1
 1
  
 1
 1
  
  
 1
 2
  
  
 1
 2
  
 1
 2
 2
  
  
 1
 2
 1
 1
 3
 1
  
  
  
 2
 2
 2
 2
 1
  
  
  
 1
 1
 3
 2
  
  
  
  
  
 1
 7
 1
  
  
  
  
  
 1
16
  
  
  
  
  
  
 1
12
 2
  
  
  
  
  
 1
11
 1
  
  
  
  
  
  
 2
  
  
  
Energy Throughput Distribution
Angular Velocity (RPM)
To
rq
ue
 (N
m
)
60
70
80 90 92 94
96
98
989696 98
98
96
94929080
70
60
 
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
-800
-600
-400
-200
0
200
400
600
800
  
  
 1
  
  
 2
  
  
  
  
 5
 1
 1
 5
  
  
  
  
 6
 4
 9
 5
  
  
  
  
 4
 6
19
 2
  
  
  
  
  
 2
 7
 1
  
  
  
  
  
 1
 2
  
  
  
  
  
  
 1
 4
  
  
  
  
  
  
  
10
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Energy Throughput Distribution
Angular Velocity (RPM)
To
rq
ue
 (N
m
)
60
70 80 90 9
2
94
96
98
989696 98
98
96
94929080
70
60
 
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
-800
-600
-400
-200
0
200
400
600
800
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 1
  
  
  
  
  
  
 1
  
  
  
  
  
 1
 1
 2
 1
  
  
  
  
  
 2
 7
  
  
  
  
  
  
 3
29
  
  
  
  
  
  
 1
34
  
  
  
  
  
  
  
16
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
Energy Throughput Distribution
Angular Velocity (RPM)
To
rq
ue
 (N
m
)
60
70 80 90
92 94
96
98
989696 98
98
96
94929080
70
60
 
Figure 9: Energy throughput percentage grids overlayed 
on the UltraCommuter Wheel motor efficiency plot (two 
motors in parallel) for the ARB02, UDDS and HWFET 
driving cycles (from top to bottom). 
      
Figure 10: The UltraCommuter Wheel Motor in 
place within the rear wheel rim (left) and a 
prototype version under test on a dynamometer.   
4. CONCLUSIONS 
This paper has characterised the typical operation of 
traction motor drives for passenger vehicles.  In contrast 
with industrial applications where electric motors often 
operate under near-constant conditions, automotive 
applications require a drive to operate over widely and 
continuously varying torques and speeds.  For this 
reason the design and selection of a traction motor 
should not be based only on a single efficiency point, but 
rather on the aggregate cycle efficiency under typical 
driving conditions.  Energy throughput maps are a 
convenient visualization of motor operation and this 
paper has presented graphical results from a custom tool 
developed to better-understand traction drive operation.  
The operation of wheel motors in the UltraCommuter 
concept vehicle was examined as a case study.  The 
results showed that for optimum efficiency, these wheel 
motors should be optimized for highest efficiency at low 
torques and moderate to high speeds, which contrasts 
strongly with the performance requirements for high 
torque at low speeds.  In addition, since conventional 
vehicle platforms exhibit similar proportions of mass and 
drag as the UltraCommuter, these observations can be 
extended to the traction drive requirements of more-
typical vehicle platforms.  Finally, the paper showcased 
the novel design of the ironless permanent-magnet wheel 
motors developed for the UltraCommuter.  These motors 
were optimized for extremely low spinning losses at low 
torques and high speeds, which results in their efficiency 
map being extremely well-matched to typical driving 
cycles producing high overall drivetrain efficiency. 
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